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Materials and Methods
Mice, infections, and antibody treatment

Five to six week old female C57BL/6 and B6-Ly5.2CR (B6 mice expressing
Ly5.1) were purchased from Charles River (NCI strains). C57BL/6 P14 mice were bred
to B6-Ly5.2CR mice to generate P14 Ly5.1" mice as described (32). LCMV strains
(Armstrong (Arm) and clone 13) were propagated and titers were determined as
described (32). B6 mice were infected intraperitoneally (i.p.) with 2x10° PFU LCMV
Arm or intravenously (i.v.) with 4x10° PFU LCMV clone 13 to establish acute or
persistent infection, respectively. For all clone 13 infections, CD4 T cells were depleted
by i.p. injection of 200 ug of anti-CD4 (clone GK1.5, Bio X Cell) on days "1 and "1 p.i.
with LCMYV clone 13. Anti-PD-L1 (clone 10F.9G2, Bio X Cell) or an isotype control
antibody (Rat IgG2b, Bio X Cell) was administered i.p. starting between day 22-25 p.i.,
200 wg/injection for five injections every third day for 5 total treatments as described (35).
For some experiments vehicle (PBS) was injected as a control. For experiments where
IL-7 was administered in vivo, the cytokine was complexed to anti-IL-7 to increase
stability. For these experiments, IL-7/anti-IL-7 immune complexes (i.c.) were prepared as
described (33). Briefly, 1.5 ug of recombinant human IL-7 (NCI Preclinical Repository
or Biolegend) and 7.5 ug of anti-human/anti-mouse IL-7 (clone m25, provided by Charlie
Surh) per mouse per injection were mixed and allowed to complex for 30 min prior to
diluting with PBS for injection. Complexes were administered i.p. simultaneously with
anti-PD-L1 (every third day for 5 injections). All mice were maintained under specific
pathogen free conditions at the University of Pennsylvania, and all protocols were

approved by the Institutional Animal Care and Use Committee.



Lymphocyte isolation and adoptive transfer

For experiments where P14 cells were monitored, P14 cells were isolated from
the peripheral blood of P14 transgenic mice using histopaque gradients, and P14 cells
(500 for clone 13 experiments, and 500-2000 for Arm experiments) were adoptively
transferred i.v. into 5-6 weeks old recipient B6 mice at least one day prior to infection.
Similar results were obtained when comparing P14 cells to endogenous D°GP33" and
D°GP276" cells (Figure S4), and previous reports have shown that the number of P14
cells transferred for clone 13 experiments (500) did not impact viral load (32, 34). For
experiments where Tyvewm, Tex, or anti-PD-L1-treated Tex were adoptively transferred,
CDS8 T cells were isolated one day post the antibody treatment period from spleens, and
were enriched using CD8 T cell EasySep negative selection kits (Stem Cell
Technologies) according to the manufacturer’s instructions. Numbers were normalized
between groups based on D°GP33 tetramer staining prior to i.v. adoptive transfer into
antigen free recipient mice. LCMV immune mice (day 30" p.i.) were used as antigen free
recipients so endogenous LCMV-specific memory could eliminate any transferred virus
as described (/8). For experiments testing antigen-independent persistence, recipient
mice were immune to LCMV Arm (day 30" pi). For rechallenge experiments, recipient
mice had previously cleared low dose (200 PFU) infection with LCMV clone 13 V35A
lacking the GP33 epitope as described (/2). V35A immune mice were used for recall
experiments to prevent direct competition with endogenous D°’GP33-specific memory

CDS8 T cells.



Flow cytometry

MHC class I peptide tetramers (D’ GP276 and D°GP33) were made as described
(32) or obtained from the NIH tetramer core. Antibodies were purchased from
eBioscience, BD, Biolegend, Life Technologies, R&D Systems and AbD Serotec, and
included CDS, CD4, B220, CD45.1, CD45.2, CD44, CD122, CD127, PD-1, 2B4, Tim-3,
Lag-3, Ki-67, granzyme B, IFNy, TNFa, and phospho-STATS. Single cell suspensions
were stained with Live/Dead Aqua (Life Technologies) according to the manufacturer’s
instructions prior to staining for surface antigens. Intracellular staining for Ki-67 and
granzyme B was performed using the eBioscience Foxp3 fixation/permeabilization kit
according to manufacturer’s instructions (eBioscience). Intracellular staining for [FNy
and TNFa was performed using the BD cytofix/cytoperm kit according to manufacturer’s
instructions (BD) following a 5 hour in vitro restimulation with 0.2 ug/ml gp33-41
peptide (KAVYNFATM, GenScript) in the presence of brefeldin A and monensin (BD).
For phosho-STATS detection, splenocytes were rested for 1-2 hours at 37°C prior to
stimulation. Cells were stimulated for 30 minutes with 10 ng/ml recombinant murine IL-7
or IL-15 (Peprotech). Cells were then fixed with paraformaldehyde for 15 minutes at
37°C, washed once, and immediately resuspended in Phospho Perm Buffer III (BD) and
incubated for 30 minutes on ice. Cells were subsequently washed and stained according
to manufacturer’s instructions. Cells were collected on an LSR II flow cytometer (BD),
and data were analyzed using FlowJo software (Tree Star). Sorting was conducted on a

FACSAria (BD), and post-sort purities were obtained to determine sort quality.

Gene expression by microarray and RNA-seq




For transcriptional profiling by microarray, CD8 T cells from spleens 1-2 days
after the final treatment (after receiving 5 total treatments as described above) were
enriched using magnetic beads (CD8 negative selection kit, Stem Cell Technologies) and
D°GP276" CD8 T cells were sorted on a FACSAria (BD). Four independent experiments
were performed for each treatment group with 10-12 mice pooled per group per
experiment. RNA was isolated with TRIzol (Life Technologies) according to
manufacturer’s instructions. RNA was processed, amplified, labeled, and hybridized to
Affymetrix GeneChip MoGene 2.0 ST microarrays at the University of Pennsylvania
Microarray Facility. Microarray data were processed and analyzed as previously
described (29). The heat map module in Gene Pattern was used to identify and display
differentially expressed genes. Gene set enrichment analyses and leading edge metagene
analyses were performed as described (/7). Metagenes for anti-PD-L1 were identified
using the microarray data set comparing anti-PD-L1 to control Tgx. Metagenes for Tgrr
(Day 8 post-LCMV Arm infection), Tyem (Day 30 post-LCMV Arm infection), and Tgx
(Day 30 post-LCMYV clone 13 infection) cells were generated by comparing to naive T
cells using previously published transcriptional profiles (29). Details of the metagene
composition and comparisons can be found in Table S4. To generate the effector gene list
shown in Figure 1C, we started with the top 300 genes up-regulated at Day 6 post Arm
compared to naive in (29). We then removed genes that had GO membership for six of
the major cell cycle terms (cell cycle, mitosis, spindle, DNA replication, mitotic cell
cycle, and cell cycle). This list is shown in Table S3.

For transcriptional profiling by RNA-seq, CD8 T cells from spleens were

enriched using magnetic beads (CD8 negative selection kit, Stem Cell Technologies) and



P14 cells were sorted on a FACSAria (BD). P14 cells were sorted either 1 day post final
treatment (with 5 doses of anti-PD-L1 or control as described above; three independent
experiments for control (5-7 mice each pooled), four independent experiments for anti-
PD-L1 (5-6 mice each pooled)), or long-term (two independent experiments, at 18 (5
control-treated and 7 anti-PD-L1-treated mice pooled) and 29 weeks (13 control-treated
and 12 anti-PD-L1-treated mice pooled)) after the final treatment. Naive CD8" T cells
were sorted from pooled spleens from 2-3 uninfected C57BL/6 mice from two
independent experiments. Cells were lysed and frozen in buffer RLT plus (RNeasy Plus
Lysis Buffer, Qiagen) with 1% 2-mercaptoethanol (Sigma). Total RNA from sorted cells
was extracted using the Applied Biosystems Arcturus PicoPure RNA isolation Kkit.
Double stranded cDNA was generated using the Clontech SMRT-seq v4 method and was
fragmented using the Covaris S220 in microTubes. Indexed Illumina-compatible
sequencing libraries were generated from fragmented cDNA using the NEBNext Ultra II
methodology. Libraries were quantified using Kapa Library QC kit for [llumina, pooled,
and sequenced on an Illumina NextSeq 500 for 75 cycles (single end). Sequenced
libraries were aligned to the mm10 reference genome using STAR and gene expression

from RefSeq genes was quantified using Cufflinks and reported as FPKM values.

Epigenetic profiling by ATAC-seq

CDS8 T cells were enriched using magnetic beads (CD8 negative selection kit,
Stem Cell Technologies) and P14 CDS8 T cells (day 8 p.i. Arm (5 spleens per experiment
pooled), day 33 p.i. Arm (12-13 spleens per experiment pooled), day 35 p.i. clone 13 (15

spleens per experiment for control-treated pooled, 7 mice per experiment for anti-PD-L1-



treated pooled)) or naive CD8 T cells (from 2-3 spleens pooled) were sorted on a
FACSAria (BD). Control- and anti-PD-L1-treated Tgx cells were sorted one day after the
final treatment (5 total treatments, every third day) as described above. Two independent
experiments per condition were performed. ATAC-seq was performed as described (20).
Briefly, nuclei were isolated from 50,000-150,000 sorted cells per replicate using a
solution of 10 mM Tris-HCI, 10 mM NacCl, 3 mM MgCl,, and 0.1% IGEPAL CA-630.
Immediately following nuclei isolation, the transposition reaction was conducted using
Tn5 transposase and TD buffer (Illumina) for 45 minutes at 37°C. Transposed DNA
fragments were purified using a Qiagen MinElute Kit, barcoded with dual indexes
(Illumina Nextera) and PCR amplified using NEBNext High Fidelity 2x PCR master mix
(New England Labs). The size distribution and molarity of the sequencing library were
determined by using an Agilent Bioanalyzer and KAPA quantitative RT-PCR (KAPA
Biosystems). Sequencing was performed using a high output, 150 cycle kit with V2
chemistry on a NextSeq 500 (Illumina). Paired-end reads were mapped to the mm10
reference genome using Bowtie2. Only concordantly mapped pairs were kept for further
analysis. Peak calling was performed using MACS v1.4 to identify areas of sequence tag
enrichment. BedTools was used to find common intersection between identified peaks
(1bp minimum overlap) and to create a merged peak list. ATAC-seq tag enrichment,
DNA motif analysis across the merged peak list, and GO term assessment were computed
using HOMER (homer.salk.edu). Principal component analysis, spectral co-clustering,
and hierarchical clustering were performed using scipy, matplotlab, and scikit-learn.

REVIGO was used to identify unique GO terms across different cell types. The list of



peaks was filtered for some downstream analysis to remove peaks that had low

enrichment across all five cell types (third quartile).

Transcription Factor Footprinting and Network analysis

To build the integrated transcriptional network based on the unique epigenetic
landscape of Tex (Figure 4D), Wellington bootstrap (35) was first used to identify
transcription factor (TF) binding motifs enriched in either control- or anti-PD-L-treated
Tex in all OCRs compared to the other cell types probed by computing 20 sets of
differential footprints for all ordered pairs of the 5 cell types (T, Terr, Tmem, Tex, anti-
PD-L1-treated Tgx). To analyze motif frequencies in differential footprints, a motif
search was done within these footprint coordinates using annotatePeaks.pl script from
HOMER (36) and relative motif frequencies were calculated as described in (35). A
matrix was generated and motif scores were displayed as a heat map (Figure 4B) using
the ClassNeighbors module of GenePattern (37) to show cell-type specific TFs.

Significantly enriched TF binding motifs were subsequently validated to be
included in the downstream network. TFs that were not detectable transcriptionally in the
RNA-seq and/or TFs that had minimal evidence of binding to their consensus sequence
with TF footprint analysis were excluded. For TF footprint validation, average profiles of
the TnS5 cuts within a 200 bp window around different TF motifs were estimated and
plotted using Wellington dnase average footprinting.py (38). A network was then built
with these validated TFs and the differentially expressed genes in Tgx cells following
anti-PD-L1 treatment from the microarray data set. Genes were included that had a

LFC>0.3. Lines connecting a TF with a target gene were based on that gene having a



consensus binding motif for that TF in the region. The full list of TFs and target genes is
available in Table S11.

To validate TFs identified in this integrated network analysis correlating the
epigenetic landscape and transcriptional changes, we constructed a second network using
the differentially expressed genes from the microarray following anti-PD-L1 treatment
(LFC>0.3 up or down, p<0.05) and used PSCAN to identify the TFs predicted to contain
consensus binding motifs in the promoter regions of those genes (Table S12). The
enrichment for each TF for the differentially expressed genes was plotted as a heat map
(Figure S18). To test the prediction that anti-PD-L1 caused a re-engagement of effector-
like circuitry in Tgx, we determined genes near all OCRs in Tggr or Tgx cells that
contained consensus binding motifs for TFs identified in the integrated network analysis
(Figure 4D) and selected additional TFs of interest including T-bet, Eomes, Prdm1
(Blimp1), and Runx1-3. We excluded genes near OCRs for which there was no
transcriptional data in the microarray. The percentage of genes changed following anti-
PD-L1 that contained membership in the list for the overlap between Tgrr and Tex or Tex
alone was then calculated, and the percent difference in the overlap compared to Tgx

alone was plotted.

Statistical analysis

Statistics for flow cytometry and viral load data were analyzed using GraphPad
Prism software. For comparisons between two independent conditions when only two
conditions were being compared, significance was determined using unpaired Student’s t

tests. Paired Student’s t tests were used when samples from the same mouse were being

10



compared at two different time points as indicated in the Figure Legends. One way
ANOVA tests were used when more than two groups were being compared. We first
tested for normality using the D’ Agostino and Pearson normality test. If all groups were
determined to be normally distributed, a parametric one way ANOVA was performed,
and post-test analyses of groups of interest were performed using Bonferroni’s multiple
comparison test. If not all groups were determined to be normally distributed, a non-
parametric ANOVA (Kruskal-Wallis test) was performed, and post-test analyses of
groups of interest were performed using Dunn’s multiple test comparisons. P values for
the ANOVA are indicated in blue next to the Y axis in each figure, and the p values for
post-tests between indicated pairs are in black. P values were considered significant if
less than 0.05. Asterisks used to indicate significance correspond with: p<0.05%*,

p<0.01%%, p<0.001%**,
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Fig. S1. Impact of anti-PD-L1 treatment on the transcriptional profile of Tgx. (A)
Representative flow cytometry plots gated on CD8" cells (top) or histograms gated on
D°GP276 tetramer " cells (bottom) on PBMCs isolated from mice before (day 15 p.i.) or
after (day 34 p.i.) treatment with control or anti-PD-L1 antibody. (B) Quantification of
(A) showing frequency of D’ GP276 tetramer” cells of CD8" cells (top) and Ki-67" of
D°GP276 tetramer” cells (bottom) in PBMC. (C) Viral load (plaque forming units/ml) in
the serum pre- (day 12) and post- (day 38) treatment from mice shown in (B). Lines
connecting dots in (B) and (C) indicate data from the same mouse pre- and post-
treatment. Asterisks indicating significance determined by paired t tests between groups
are **p<0.01 and ***p<0.001. Data are representative of at least three independent
experiments with at least 5 mice per group. (D) Row normalized heat map showing top
genes significantly differentially expressed based on fold change in microarray data.
Selected genes are indicated. Full list of genes with fold changes and p values available in
Table S1. (E) Circos plot showing overlap in metagenes identified in control- versus anti-
PD-L1 treated Tgx compared to metagenes in Tgx versus Tn. Transcriptional data for Tgx
versus Ty obtained from (29). (F) P value and FDR q values for metagenes comparing
Terr, Tmewm, or Tex to Ty from (29), and anti-PD-L1-treated Tgx to control-treated Tgx
from Figure 1. Details of metagene gene membership and overlaps can be found in Table

S4.
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Fig. S2. Virus-specific CD8 T cells re-exhaust after cessation of anti-PD-L1
treatment. (A) Representative flow cytometry plots gated on CD8" T cells showing P14s
(Ly5.1" cells) in the spleen one day or 20 weeks after cessation of anti-PD-L1 treatment.
(B) Quantification of P14 frequency (left) and number (right) in the spleen from mice
shown in (A). (C) Flow cytometry histograms of Ki-67 (left) and granzyme B (right) in
the spleen. (D) Quantification of (C). (E) Representative flow cytometry plots gated on
P14 cells following ex vivo stimulation with gp33-41 peptide, showing IFNy and TNFa,
production quantified in Figure 11. The mice shown in (A)-(E) correspond to the mice
shown in Figure 1H and 11. The "1 day time point is combined from two representative
experiments and the 20 week time point is from one representative experiment. Data are
representative of at least two independent experiments with at least 4 mice per group per
experiment. Asterisks indicating significance determined by unpaired t tests between

groups are * p<0.05, **p<0.01, and ***p<0.001.
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Fig. S3
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Fig. S3. Inhibitory receptor expression following anti-PD-L1 treatment. (A) Co-
expression of inhibitory receptors on P14 cells in the spleen 2 days (left) or 20 weeks
(right) after cessation of treatment. Representative histograms (top) and quantification of
geometric MFIs from multiple mice (bottom) showing PD-1, Lag-3, Tim-3, and 2B4 (B)
two days or (C) 20 weeks after anti-PD-L1 treatment during clone 13 infection. Arm
immune mice were day 30" p.i. Gated on P14 cells. Data are representative of two
independent experiments with at least three mice per Arm immune group and at least five
mice per clone 13 group. Statistical significance was determined using non-parametric
one-way ANOVA. Asterisk indicating significance between groups is * p<0.05,
**p<0.01, and ***p<0.001. Blue asterisks indicate ANOVA p values, black asterisks

indicate post-test p values.
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Fig. S4. Re-invigoration of endogenous virus-specific CD8 T cells wanes over time
when antigen remains high. Monitoring of endogenous virus-specific CD8 T cell
responses at 2 days (in peripheral blood), 7 weeks (spleen), or 18 weeks (spleen) post-
anti-PD-L1 treatment. (A) Representative plots showing D’GP276 tetramer and CD44.
(B) Quantification of the frequency of D°GP276" (top) and D°GP33" (bottom) of the total
CD8" population. (C) Representative histograms of PD-1 expression, gated on D°GP276"
cells. (D) Quantification of geometric MFI of PD-1, gated on D°GP276" cells (top) or
D°GP33" cells (bottom). (E) Representative histograms showing Ki-67 expression. (F)
Quantification of the frequency of Ki-67" D°GP276" (top) or D°GP33" (bottom). Data are
representative of two independent experiments with at least four mice per group.
Asterisks indicating significance determined by unpaired t tests between groups are

*x%p<0.001.
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Fig. S5. Comparison of transcriptional profiles of control and anti-PD-L1-treated
Tex cells generated by microarray or RNA-seq. (A) Consensus hierarchical clustering
of genes from the RNA-seq by variance (by 1-Pearson correlation) between Tgx from
control or anti-PD-L1-treated mice isolated 1 day after the two week treatment period.
(B) Overlap in genes assessed in microarray and RNA-seq data sets from mice 1 day after
treatment. (C) Comparison of LFCs of differentially expressed genes (p<0.05) after anti-
PD-L1 treatment in the microarray and RNA-seq data sets. LFC=log fold change.
Complete list of differentially expressed genes are available in Table S1 for the
microarray and Table S5 for the RNA seq. (D) GSEAs of representative significantly
enriched GO terms. Complete list of GO terms for RNA-seq available in Table S6. (E)
Top 15 significantly enriched GO terms in anti-PD-L1 treated Tgx compared to control
Tex in the microarray (left) and RNA-seq (right). Complete list of GO terms available in

Table S2 for the microarray and Table S6 for the RNA seq.
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Fig. S6. Temporal changes in the transcriptional profiles of Tgx with or without
anti-PD-L1 treatment using RNA-seq. (A) Consensus hierarchical clustering of genes
from the RNA-seq by variance (by 1-Pearson correlation) between Tgx from control or
anti-PD-L1-treated mice 1 day or 18-29 weeks after cessation of treatment. Clustering of
all four groups shown to the left, pairwise comparison of control and anti-PD-L1-treated
Tex 18-29 weeks post treatment shown boxed to the right. (B) Heat map of class neighbor
analysis, showing the top genes differentially expressed in control or anti-PD-L1-treated
Tex 1 day or 18-29 weeks after cessation of anti-PD-L1 treatment. Full list of genes
available in Table S5. (C) Table comparing the number of significantly changed genes in
pairwise comparisons between the indicated treatments and time points. Full list of genes
available in Table S5. (D) Heat map of RNA-seq showing top differentially expressed
genes following anti-PD-L1 treatment one day after treatment, and corresponding
expression of those genes 18-29 weeks after treatment. (E) Top GO terms associated with
control Tgx 1 day or 18-29 weeks after treatment. Full list of pairwise comparisons for

short-term versus long-term, anti-PD-L1 versus control-treated Tgx available in Table S6.
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Fig. S7
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Fig. S7. Combination treatment with IL-7 i.c. and anti-PD-L1 augments virus-
specific CD8 T cell responses in vivo. (A) Experimental design for Figure 2A and 2B.
(B) Representative flow cytometry histograms gated on P14 cells from spleens isolated at
day 39 p.i. following ex vivo stimulation with IL-7 or IL-15 for 30 minutes. Shaded grey
histograms are unstimulated controls, colored histograms are stimulated with cytokine.
Quantification for multiple mice shown in Figure 2F. (C) Schematic for experimental
design for combination therapy with anti-PD-L1 and IL-7 i.c. (D) Representative flow
cytometry plots gated on CD8" T cells showing D°GP276" cells and P14 cells (Ly5.17).
Numbers next to gates indicate frequency of each population of CD8" parent population.
(E) Total number of viable cells in spleens following treatment with control, IL-7 i.c.
anti-PD-L1, or both anti-PD-L1 and IL-7 i.c. Since data was normally distributed,
significance was determined using a parametric one-way ANOVA and Bonferroni’s
multiple comparison test to compare groups. (F) Frequency (left) and number (right) of
D°GP276" CD8 T cells from mice shown in (E). (G) Viral load in the kidney following
treatment for the mice in (E). For (F) and (G), significance was determined using a non-
parametric one-way ANOVA (Kruskal-Wallis test) and Dunn’s multiple test comparison
to compare groups. For (E)-(G), blue asterisks indicate ANOVA p values, black asterisks
indicate post-test p values. (H) Viral load in the serum pre- and post-treatment for the
mice in (E). Lines connect serial measurements from the same mouse. Significance
determined using paired Student’s t tests for each treatment group. Data from (D)-(H) are
combined from two independent experiments with at least four mice per group. These
data correspond with the mice shown in Figure 2G and 2H. Asterisks indicating

significance are * p<0.05, **p<0.01, and ***p<0.001.
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Fig. S8

A Total Paired Reads | Number Aligned % Aligned # of Peaks (MACS v1.4)
Tn-1 21,580,793 19,895,761 92.19 47,245
TN-2 37,179,087 34,405,396 92.54 52,242
TeFF-1 52,854,827 47,732,769 90.31 64,351
TEFF-2 51,028,317 46,145,040 90.43 60,124
TMEM -1 61,364,436 42,757,634 69.68 58,448
TMEM -2 60,666,170 55,654,432 91.74 58,676
Tex-1 48,137,474 42,639,858 88.58 39,225
TeEx-2 66,496,181 60,252,069 90.61 59,910
aPDL1-1 49,545,282 44,790,886 90.40 55,036
oPDL1-2 59,567,799 53,608,743 90.00 56,564

B Normalized ATAC peak enrichment

TN TEFF TMEM
00— R? = 0.9045 20— R? =0.9281 00— R® =0.9366
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Replicate 1

oPD-L1
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Fig. S8. Quality control analyses for ATAC-seq data. (A) Table showing total paired
reads, number aligned, % aligned, and number of peaks called for each biological
replicate generated for ATAC-seq. (B) Correlation of normalized ATAC-seq peak
enrichment between replicate 1 and replicate 2 for each cell type. R? indicates the degree

of correlation between replicates.
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Fig. S9. Region distribution of ATAC-seq data. (A) Pie charts showing the distribution
of ATAC-seq peaks in intergenic, intron, exon, and promoter/TSS regions by cell type.
(B) Pie charts comparing differential (LFC>2 up (red) or down (blue)) or constant or non-
differential (grey) regions of Tgrr, Tmem, Tex, or anti-PD-L1 Tgx relative to Tw. (C)
Distribution of non-differential and differential ATAC-seq peaks compared to Ty cells

(LFC>2 up or down). Data shown are on merged replicates for each cell type.
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Fig. S10
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Fig. S10. Increased transcription for genes near regions of open chromatin
correspond in each cell type. GSEA of gene sets corresponding to OCRs identified in
ATAC-seq analysis enriched in (A) Tgpr or Tyem compared to Ty (LFC>2) or (B)
enriched in Ty compared to Tgrr or Tmem (LFC>2) that were within 20 kb of TSS sites.
Data comparing transcription of the gene sets in (A) and (B) were obtained from (29).
GSEA of gene sets corresponding to peaks identified in ATAC-seq analysis enriched in
(C) control- or anti-PD-L1-treated Tgx compared to Ty (LFC>2) or (D) enriched in Ty
compared to control or anti-PD-L1-treated Tex (LFC>2) that were within 20 kb of TSS
sites. The RNA-seq data was used to compare transcription of the gene sets in (C) and
(D). (E) ATAC-seq and RNA-seq tracks showing the Cd200r2 locus in Ty, control Tgx,

and anti-PD-L1-treated Tgx. Tracks from one representative replicate are displayed.
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Fig. S11
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Fig. S11. Hierarchical clustering of all ATAC-seq open chromatin regions. Solid
lines indicate separation between cell types, showing two replicates side-by-side.
Row/clusters determined by flattening threshold of 90 ward clustering of Euclidean

distance of input data.
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Fig. S12
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Fig. S12. Co-cluster peak enrichment. (A) ATAC-seq enrichment of open chromatin
regions (log 2) of Tnx-enriched, Tgpr-enriched, and Tyem-enriched groups from the co-
cluster analysis shown in Figure 3H, corresponding with Figure 31. Data for each
replicate are shown separately. (B)-(G) Representative tracks of loci enriched in Ty, Tgrr,
or Tmem. Red boxes indicate differential peaks between the designated group and the

subsequent groups. Tracks from one representative replicate are displayed.
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Fig. S13
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Fig. S13. Representative ATAC-seq Tracks. Representative tracks of different loci,
enriched in control Tgx or anti-PD-L1-treated Tex as indicated. Red boxes indicate
differential peaks between the designated groups. In (B), black boxes indicate shared
peaks gained in Tgrr, Tmem and Tex compared to Ty, blue boxes indicate peaks lost in
Tex compared to Tgrr and Tyem. In (C), black boxes indicate peaks in the B and C
regions of the Pdcd1 locus (22), and red box indicates a previously unidentified OCR. (B)
and (C) are shown in Figure 3G, but here also include anti-PD-L1-treated Tgx. Tracks

from one representative replicate are displayed.
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Fig. S14
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Fig. S14. Epigenetic and transcriptional profiles for control- and anti-PD-L1 treated
Tex are enriched for features of the Eomes™ PD-1" Ty subset. (A) Representative
flow cytometry plots gated on P14 cells showing T-bet and Eomes expression. Numbers
indicate frequency of each population of the parent P14 population. (B) Quantification of
the frequency of T-bet" and Eomes™ subsets shown in (A) following anti-PD-L1
treatment. (C) Quantification of the geometric MFI of T-bet and Eomes in the mice
shown in (B). Data are representative of three independent experiments with at least four
mice per group. Asterisks indicating significance determined by unpaired t tests between
groups are *p<0.05, **p<0.01, and ***p<0.001. (D) GSEA comparing the genes
enriched in Tex compared to Ty or anti-PD-L1 versus Ty (LFC>2, p<0.05, top 200) to the
transcriptional profiles of PD-1™ (T-bet™) or PD-1" (Eomes™) cells. (E) GSEA
comparing the genes near open chromatin regions enriched in Tgx compared to Ty or
anti-PD-L1 versus Ty (LFC>4, p<0.05) to the transcriptional profiles of PD-1" or PD-1"
cells. GSEA (left) comparing the genes enriched in (F) Tgx compared to anti-PD-L1 or
(G) anti-PD-L1 compared to Tex (LFC>2, p<0.05) to the transcriptional profiles of PD-
1™ (T-bet™) or PD-1™ (Eomes™) cells. Heat maps of individual genes shown to the right.

Transcriptional profiles for PD-1™ and PD-1" cells obtained from (29).
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Fig. S15
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Fig. S15. Co-cluster GO terms. (A)-(E) Selected significantly enriched (p<0.05) GO
terms associated with peaks from each cell type. Shown are terms that were associated
with only one cell type identified using REVIGO (see Materials and Methods). A

complete list of GO terms for each cell type can be found in Table S8. GO terms were

identified on merged replicates.
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Fig. S16
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Fig. S16. Transcription factor footprinting in control-treated Tgx cells. Transcription
factor footprinting was performed on merged replicates (see Materials and Methods) for
the indicated transcription factors using the ATAC-seq data from control treated Tgx.
Transcription factors shown were identified using Wellington bootstrap analysis in Figure
4B. Red lettering indicates transcription factors that were excluded from downstream
network analysis due to lack of evidence of binding in the footprinting analysis and based

on selection criteria described in Materials and Methods.
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Fig. S17
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Fig. S17. Transcription factor footprinting in anti-PD-L1-treated Tgx cells.
Transcription factor footprinting was performed on merged replicates (see Materials and
Methods) for the indicated transcription factors using the ATAC-seq data from anti-PD-
L1 treated Tgx. Transcription factors shown were identified using Wellington bootstrap
analysis in Figure 4B. Red lettering indicates transcription factors that were excluded
from downstream network analysis due to lack of evidence of binding in the footprinting

analysis and based on selection criteria described in Materials and Methods.
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Fig. S18
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Fig. S18. Predicted transcription factors involved in regulating differentially
expressed genes in re-invigorated Trx following anti-PD-L1 treatment. The
differentially expressed genes up (A) or down (B) by microarray after 2 weeks of anti-
PD-L1 treatment (p<0.05, LFC>0.3) (y-axis) and the transcription factors predicted to
bind the promoter regions of these genes (x-axis) identified using PSCAN analysis.
Transcription factors identified using this analysis that are shared with the transcription
factors identified in Figure 4B-D are listed underneath each heat map. Complete list of

genes corresponding to different transcription factors is available in Table S12.
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Excel Table Legends

Table S1. List of genes significantly differentially expressed following anti-PD-L1
treatment. This table is associated with Figure S1D, showing entire list of genes
statistically significantly differentially expressed (p<0.05) one day following the two
week treatment period with anti-PD-L1 treatment in the microarray. Expression is shown
as log, fold change of anti-PD-L1 Tgx/control Tgx. Positive log fold change values
indicate increased expression following anti-PD-L1, negative values indicate decreased
expression.

Table S2: GSEA reports showing GO and KEGG pathways identified following
anti-PD-L1 treatment. GSEA reports from the microarray analysis comparing anti-PD-
L1 and control Tgx one day after cessation of treatment. This table is associated with
Figure 1B. There are four tabs, two of GSEA reports for control Tex and two of GSEA
reports for anti-PD-L1-treated Tgx, one each for GO terms and one for KEGG pathways.

Table S3: Gene list and GSEA report for effector genes. This table is associated with
Figure 1C. There are two tabs. The first is the gene list of “effector” genes, identified as
up in CD8 T cells at day 6 post-LCMV Arm compared to naive T cells, with genes
associated with six of the major GO terms corresponding to cell cycle (cell cycle, mitosis,
spindle, DNA replication, mitotic cell cycle, and cell cycle) removed. The second tab is
the GSEA report for anti-PD-L1 compared to control Tgx from the microarray using the
gene list in the first tab.

Table S4: List of genes identified using Leading Edge Metagene analysis and
overlaps between cell types. This table is associated with Figure 1E and Figure S1E and
S1F. There are three tabs. One contains lists of genes associated with the metagenes
identified for each comparison (anti-PD-L1 versus Tgx, Terr versus Tx, Tmem versus Ty,
and Tgx versus Tx). Another contains the GO annotations corresponding to the genes in
each metagene. The third details the overlaps between metagenes identified for different
cell types as a matrix, with the metagenes for anti-PD-L1 versus Tgx on the vertical axis,
and Tggr versus Ty, Tvewm versus Ty, and Tgx versus Ty on the horizontal axis.

Table S5: Differentially expressed genes one day or 18-29 weeks after cessation of
anti-PD-L1 treatment in the RNA-seq data set. This table is associated with Figure S6.
There are 5 tabs. The first represents Figure S6B, showing the 50 unique neighbors by
class comparison for control or anti-PD-L1 treated cells one day or 18-29 weeks after
treatment. The remaining tabs represent Figure S6C, showing pairwise comparisons of
significant genes (p<0.05) that are differentially expressed (LFC<0.58) between each
pair. Comparisons include day ‘1 control versus anti-PD-L1, control day "1 versus 18-29
weeks, anti-PD-L.1 day 1 versus 18-29 weeks, 18-29 weeks control versus anti-PD-L1.

Table S6: GO term enrichments in the RNA-seq data set. GSEA report for GO terms
enriched in RNA seq data set. This table is associated with Figures SS5E and S6E. There
are 9 tabs. The first tab is a legend describing the pairwise comparisons shown in each
report. Comparisons include day "1 control versus anti-PD-L1, control day "1 versus 18-

48



29 weeks, anti-PD-L1 day "1 versus 18-29 weeks, 18-29 weeks control versus anti-PD-
L1.

Table S7: List of ATAC-seq peaks annotated with nearest genes corresponding to
distinct co-clusters. This table is associated with Figure 3H and 31 and Figure S12A.
There are seven tabs, corresponding to the seven co-clusters (enriched in Tx, Terr, Tmewm,
both Tgrr and Tvewm shared, Tex, anti-PD-L1-treated Tgx, and both Tgx and anti-PD-L1-
treated Tgx shared). Nearest gene and distance to TSS are indicated.

Table S8: GO terms associated with ATAC-seq peaks gained exclusive to each cell
type. This table is associated with Figure S15. Statistically significant GO term
enrichment corresponding to the genes associated with peaks found in each cell type were
identified as described in the Materials and Methods. The GO terms highlighted in yellow
are also listed in Figure S15, and were selected based on significant p values and elevated
number of genes in each pathway.

Table S9: Full list of transcription factor binding motifs present in open chromatin
regions gained or lost in Tgx following anti-PD-L1 treatment. This table is associated
with Figure 4A, and contains the full list of transcription factor binding motifs, the
corresponding consensus sequence, the percentage of peaks changed containing the
motif, and the percentage of background peaks containing the motif. There are two tabs,
one each containing motifs in peaks gained and lost in Tgx following anti-PD-L1
treatment.

Table S10: Full list of transcription factors predicted to have uniquely enriched
binding in OCRs in Tn, Tgrr, Tmem, Tex, or anti-PD-L1-treated Tgx. Summary of
Wellington bootstrap analysis displayed as a heat map in Figure 4B. Top 10 enriched TFs
for each cell type are listed.

Table S11: Association of differentially expressed genes with transcription factors
predicted to have altered activity in ATAC-seq data set. This table is associated with
the integrated epigenetic/transcriptional network shown in Figure 4D. This table lists the
TFs predicted to have increased or decreased activity following anti-PD-L1 treatment
determined used the ATAC-seq data, and the corresponding genes predicted to be
regulated by those TFs that were differentially expressed following anti-PD-L1 treatment
(LFC=0.3 up or down) in the microarray. For LFC, positive values indicate increased
expression with anti-PD-L1, decreased values indicate decreased expression with anti-
PD-L1.

Table S12: Transcription factors predicted to regulate differentially expressed genes
following anti-PD-L1. This table is associated with Figure S18. It has 4 tabs. These data
were generated independently of the ATAC-seq data set and were used as a validation of
the integrated epigenetic/transcriptional network (Figure 4D). We started with the list of
differentially expressed genes up or down following anti-PD-L1 in the microarray (two of
four tabs). We then used PSCAN to identify TFs in the promoter regions of these genes
predicted to bind (other two of four tabs).
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